Clostridium difficile is a common nosocomial pathogen transmitted mainly via its spores. These spores can remain viable on contaminated surfaces for several months and are resistant to most commonly used cleaning agents. Thus, effective decontamination of the environment is essential in preventing the transmission of C. difficile in health-care establishments. However, this emphasis on decontamination must also be extended to laboratories due to risk of exposure of staff to potentially virulent strains. Though few cases of laboratory-acquired infection have been reported, the threat of infection by C. difficile in the laboratory is real. Our aim was to test the efficacy of four disinfectants, Actichlor, MicroSol 3+, TriGene Advance and Virkon, and one laboratory decontaminant, Decon 90, against vegetative cells and spores of C. difficile. Five strains were selected for the study: the three most commonly encountered epidemic strains in Scotland, PCR ribotypes 106, 001 and 027, and control strains 630 and VPI 10463. MICs were determined by agar dilution and broth microdilution. All the agents tested inhibited the growth of vegetative cells of the selected strains at concentrations below the recommended working concentrations. Additionally, their effect on spores was determined by exposing the spores of these strains to different concentrations of the agents for different periods of time. For some of the agents, an exposure of 10 min was required for sporicidal activity. Further, only Actichlor was able to bring about a 3 log 10 reduction in spore numbers under clean and dirty conditions. It was also the only agent that decontaminated different hard, non-porous surfaces artificially contaminated with C. difficile spores. However, this too required an exposure time of more than 2 min and up to 10 min. In conclusion, only the chlorine-releasing agent Actichlor was found to be suitable for the elimination of C. difficile spores from the environment, making it the agent of choice for the decontamination of laboratory surfaces.
INTRODUCTION
Clostridium difficile is the causative agent of C. difficile infection (CDI) (Bartlett et al., 1978; Bartlett, 2008; George et al., 1978) . Though CDI is a common nosocomial infection, it is not limited to the hospital environment; community-acquired CDI and asymptomatic carriage are also common (Freeman et al., 2010) .
C. difficile is acquired via the faecal-oral route as spores (Lyerly et al., 1988) . Symptomatic patients shed large amounts of both vegetative cells and spores into the environment (Wilcox et al., 2003) . Though vegetative cells survive under aerobic conditions for only 15 min on dry surfaces, they can survive for up to 6 h on moist surfaces (Weber et al., 2010) . The spores of C. difficile, however, can persist on hospital floors for up to 5 months (Kim et al., 1981) and are resistant to several cleaning agents, especially in the presence of organic matter (Fawley et al., 2007; Wheeldon et al., 2008) . Surfaces contaminated with C. difficile spores can facilitate cross-colonization (Fawley & Wilcox, 2001) . It has been suggested that health-care workers (and patients) acquire C. difficile from contaminated surfaces (Gerding et al., 1995; McFarland & Stamm, 1986 ) such as portable commodes, bedpans, blood pressure cuffs, walls, floors, washbasins and furniture (Fekety et al., 1981; Samore et al., 1996; Weber et al., 2010) . A correlation between transmission of C. difficile among patients and contamination of the hands of health-care workers has been clearly observed (McFarland et al., 1989) .
Although C. difficile is a dreaded nosocomial pathogen, the risk of laboratory-acquired CDI has not been given much attention, in spite of the exposure of laboratory workers to relatively high inocula of C. difficile. However, cases of CDI have been reported in laboratory personnel (Bouza et al., 2008) as well as in health-care workers (Arfons et al., 2005; Hell et al., 2009; Ray & Donskey, 2003) . Thus, it is important to ensure proper decontamination of surfaces in the laboratory as well as proper hand-washing technique to prevent potential transmission of C. difficile from the laboratory environment into the community and hospitals. The aim of this study was to test the efficacy of five commonly used agents against both vegetative cells and spores of C. difficile using laboratory tests as well as a more real-life surface cleaning approach.
METHODS
Bacterial strains. Five strains of C. difficile were used in this study: strain 630 (ribotype 012, obtained from P. Mullany, London, UK), strain VPI 10463 (obtained from Unipath, Bedford, UK), ribotype 027 (obtained from E. J. Kuijper, Leiden, The Netherlands), ribotype 001 and ribotype 106 (local strains from Edinburgh, UK). The strains were purified and maintained as spore suspensions in Robertson's cooked meat medium (Oxoid). All culturing of strains was performed anaerobically (80 % H 2 , 10 % N 2 , 10 % CO 2 ) at 37 uC in a Mark III workstation (Don Whitley Scientific).
Agents. Five agents were tested in this study: Actichlor, a disinfectant routinely used in hospitals; Decon 90, a laboratory decontaminant; and three commonly used laboratory disinfectants, Microsol 3+, TriGene Advance and Virkon. The active ingredients, recommended concentrations and manufacturers are listed in Table 1. MIC testing. MICs of the agents for the vegetative cells of the different C. difficile strains were determined by the Wadsworth agar dilution method (NCCLS, 2004) . Strains were cultured anaerobically on blood agar at 37 uC for 24 h, followed by culturing in pre-reduced thioglycollate broth supplemented with 5 mg haemin ml 21 and 1 mg vitamin K 1 ml 21 for 8 h. This ensured that the cultures were in the exponential phase when used for MIC testing, and thus consisted of mainly vegetative cells and very few spores. These cultures were diluted to a 0.5 McFarland standard for inoculation onto pre-reduced Brucella agar (Oxoid) supplemented with 5 % defibrinated horse blood, 5 mg haemin ml 21 and 1 mg vitamin K 1 ml 21 containing doubling dilutions of one of the five agents ranging from the manufacturer's recommended working concentration to 1/1024 of the same. The plates were incubated anaerobically at 37 uC for 48 h and then examined for growth. The lowest concentration of the tested agent to inhibit visible bacterial growth was recorded as the MIC of that agent. The experiments were performed in triplicate.
MICs were also performed by broth microdilution in a 96-well plate. Doubling dilutions of the five agents ranging from the manufacturer's recommended working concentration to 1/1024 of the same were prepared in pre-reduced anaerobic incubation medium and 100 ml of each dilution was added to wells of the plate in duplicate. To the wells, 10 ml culture adjusted to a 0.5 McFarland standard was added. The plates were incubated anaerobically at 37 uC for 48 h and then examined for growth by eye and by measurement of OD 600 . Negative controls with no added culture and positive controls without the agents were also maintained in duplicate. The lowest concentration of the tested agent to inhibit visible bacterial growth and OD 600 ¢0.1 was recorded as the MIC of that agent. The experiments were performed in triplicate.
Preparation of spores. Strains were cultured in 500 ml pre-reduced anaerobic incubation medium (Brown et al., 1996) anaerobically at 37 uC for 7 days. The cultures were then collected by centrifugation at 4000 g for 10 min. The pellets obtained were washed twice with sterile PBS and then treated with 50 % ethanol for 1 h with constant shaking. The pellets were collected by centrifugation, washed twice in PBS and then resuspended in 1 ml sterile distilled water and stored at 4 uC. Before each experiment, spore counts were determined from 10fold serial dilutions of the final spore suspension plated on blood agar and incubated for 48 h.
Sporicidal assays. Spore preparations were standardized to 10 6 spores ml 21 . The agents were tested for their sporicidal activity in a suspension test at the recommended working concentration and 1/2 and 1/5 of the same. For each test, 100 ml spore suspension containing 10 5 spores was added to 900 ml of each of the dilutions and mixed thoroughly. At 2 min, 10 min and 30 min, 100 ml of the test was inoculated into 900 ml pre-reduced anaerobic incubation medium, mixed and incubated at 37 uC for 5 days in duplicate. Positive controls without any disinfectant and negative controls without spores were also maintained in duplicate to check that the medium was sustaining the germination of spores and growth of the resulting vegetative cells and that it was not contaminated, respectively. The tubes were examined for growth and the lowest concentration of the agent showing no growth was recorded as the minimum sporicidal concentration. Samples from tubes with no visible growth were plated to identify cidal or static activity and these were examined for growth after 5 days of anaerobic incubation.
Determination of log 10 reduction. To determine the log 10 reduction in C. difficile spores in suspension tests, spores were treated with the cleaning agents at the recommended working concentration in the presence or absence of organic matter. For the tests in the absence of organic matter, 100 ml spores in distilled water (approx. 10 4 spores ml 21 ) was added to 900 ml agent. After 10 min, the spores were collected by centrifugation at 16 000 g for 2 min. The spore pellets were washed twice with 1 ml distilled water. The spores were then resuspended in 1 ml distilled water and 100 ml of this suspension was spread onto blood agar plates in duplicate and incubated at 37 uC anaerobically for 48 h. Untreated positive controls were maintained in duplicate. For the tests in the presence of organic matter, BSA (Sigma) was introduced into the test at a final concentration of 0.27 %. The log 10 reduction was calculated as log 10 (N 0 /N 10 ), where N 0 5the number of spores in the positive control and N 10 5the number of viable spores recovered from the test at 10 min.
Surface decontamination testing. Five different surfaces were used in this study: aluminium, glass, plastic, self-adhesive vinyl tiles and white ceramic tiles. The surfaces were autoclaved and dried in a hot air oven before use: the self-adhesive vinyl tiles could not be autoclaved and were cleaned with 70 % ethanol before use. On all the clean surfaces, squares of approximately 1 cm 2 were marked out with a wax crayon. These were then artificially contaminated with spores of the five C. difficile strains and tested for cleaning efficiency with all the cleaning agents. Each square was contaminated with 10 ml spore suspension (10 5 spores ml 21 ) and left to air dry for 2 h. Fifty microlitres of cleaning agent at the manufacturer's recommended concentration was then added to the square on top of the dried spore suspension. After 2 min and 10 min, the area was scratched with a pipette tip 10 times in an attempt to mimic scrubbing and the agent was aspirated. The area was then washed with 100 ml distilled water. The aspirated agent and wash were added to 850 ml distilled water to obtain a final volume of 1 ml. One hundred microlitres of this was plated on blood agar and incubated anaerobically for 48 h. The surfaces were also cleaned only with water and these served as positive Table 3 . Minimum sporicidal concentration of the agents for five C. difficile strains represented as a fraction of the recommended working concentration after different times of exposure
The tests were performed in 1 ml volumes with 10 5 spores being exposed to the disinfectants. controls. The log 10 reduction was calculated as above from two independent experiments.
Statistical analysis. Statistical analyses were performed using GraphPad Prism 4.0 software. In order to compare agents and strains, one-way analysis of variance (ANOVA) was performed.
RESULTS AND DISCUSSION

Efficacy against vegetative cells
The growth of vegetative C. difficile was effectively suppressed by all the agents tested. The MICs of all agents for the strains were found to be the same by agar dilution and broth microdilution and these values were lower than the manufacturer's recommended concentration (Table 2) . However, for Actichlor, Decon 90 and Virkon, higher concentrations seemed to be required to destroy vegetative cells of the epidemic ribotypes 027, 001 and 106. Microsol 3+ appeared to be the most effective agent, active at a 128fold dilution of the recommended concentration, followed by TriGene, which was effective at a 32-fold dilution of the recommended concentration. Actichlor, used for routinely cleaning hospitals, was effective at its recommended concentration, but less than a 2-fold dilution was unable to inhibit the growth of the hypervirulent ribotype 027. These observations suggest that the epidemic ribotypes may have a greater resistance to commonly used cleaning agents. Also, they emphasize the importance of preparing these agents at the correct concentration.
Efficacy against spores
The agents tested were also found to be sporicidal at the recommended concentration in suspension tests at 2, 10 and 30 min of testing (Table 3 ). Once again it was observed that ribotype 027 required a greater concentration of Actichlor for destruction of its spores. This was true for the epidemic ribotype 106 as well. For Virkon, any dilution below the recommended concentration was not sporicidal at 2 min, making it a less effective disinfectant than Actichlor. Interestingly, Microsol 3+ and TriGene Advance were found to be sporicidal at a fivefold dilution of the recommended concentration even at 2 min of exposure. However, a neutralizer was not used in these experiments, and the agents were not removed by washing: they were diluted 10-fold into the recovery medium. Thus, it is possible that there was a prolonged exposure of the spores to low but effective concentrations of the agents tested.
Effect of organic matter on efficacy
All the selected agents except Decon 90 are marketed as sporicidal agents. Thus, it was of interest to determine the log 10 reduction in spore numbers brought about by them at the recommended concentration. Under clean conditions, Actichlor was found to be the most effective sporicidal agent (P,0.001), bringing about a 3 log 10 reduction of C. difficile spores at 10 min, at which time Microsol 3+, TriGene Advance and Virkon only caused approximately 1.5, 1.7 and 1.2 log 10 reduction (Table 4 ). However, these disinfectants were still significantly more effective than Decon 90 (P,0.001 compared to Microsol 3+ and TriGene Advance; P,0.01 compared to Virkon). The superior efficacy of chlorine-releasing agents as compared to peroxy compounds against the spores of C. difficile has been observed previously (Lawley et al., 2010) . No inter-strain differences were observed, except when Decon 90 was used; the least log 10 reduction was observed for ribotype 027 (P,0.05). In the presence of organic matter, the efficacy of all the cleaning agents, except Actichlor, dropped considerably. Actichlor was the most effective disinfectant even in the presence of organic matter (P,0.001). Of note was the drop in efficacy of Virkon from approximately 1.2 log 10 in the absence of organic matter to approximately 0.2 log 10 in the presence of it. Also, interestingly, in the presence of organic matter, for all the agents except Actichlor, the log 10 reduction for the epidemic strains was more markedly reduced as compared to that for the non-epidemic strains (Fig. 1) . Although for Actichlor, Microsol 3+ and TriGene Advance this difference was not significant, when using Virkon, ribotype 001 was the least effectively destroyed strain (P,0.05), and when using Decon 90, strain 630 was the most effectively destroyed (P,0.001). As contamination with organic matter is common in the environment, the efficacy of cleaning agents in its presence is of greater practical significance. From the observations above, it is clear that chlorine-based agents are a better choice for disinfection, especially to eliminate the currently epidemic C. difficile strains.
Surface decontamination
To test the decontamination of surfaces using the selected agents, 1 cm 2 areas were artificially contaminated with 10 3 spores of each strain, allowed to dry and then cleaned, in an attempt to mimic a real-life situation. Further, washing of the surface was performed by aspiration of disinfectant and subsequent washes. It was observed that only the chlorinereleasing Actichlor was able to completely decontaminate all the surfaces tested; however, it required more than 2 min and up to 10 min to see this effect ( Fig. 2) . For all the other agents, although there was a greater log 10 reduction in spore numbers after 10 min of treatment, it was not significant. Here too it was found that the epidemic strains were less effectively cleaned. Spores of strain 630, which was previously epidemic, were also more resistant to the cleaning, while spores of VPI 10463, which is rarely isolated from patients, were the most effectively destroyed. Thus, though chlorine-releasing agents destroy C. difficile spores, the contact times required for surfaces to be decontaminated might be unrealistic due to time constraints as well as the odour, corrosive effects on surfaces and irritation to users (Block, 2004; Ungurs et al., 2011) . However, the natural environment might not be as heavily contaminated as the surfaces in these experiments and thus may be more efficiently cleaned. In the laboratory, however, contamination of surfaces by high concentrations of spores is a possibility, and they must be cleaned and decontaminated carefully and thoroughly.
The contaminated environment is important in the transmission of C. difficile (Fawley & Wilcox, 2001; Weber et al., 2010) , and just as in hospitals, laboratories can be a source of transmission of CDI, due to both the virulent types of strains and the high concentrations of C. difficile routinely used. Reports of laboratory-acquired CDI led us to evaluate the type of disinfectants and cleaning agents used in our laboratory in this study. From these experiments, which are preliminary and do not strictly follow the guidelines for disinfectant testing, we can conclude that vegetative cells of C. difficile as well as spores can be destroyed by a variety of agents in suspension tests with long contact times. However, hard non-porous surfaces were only decontaminated by the use of a chlorine-releasing agent. Even then, a contact time of up to 10 min was required to eliminate high concentrations of C. difficile spores. Thus, chlorine-releasing agents should be the decontaminants of choice, not only in hospitals (Fraise, 2011) , but also in laboratories.
